Abstract-This paper presents a miniaturized dual-band antenna with a rectangular patch and symmetrically placed circles in the partial ground plane. The dimensions of the proposed antenna are 15 * 20 * 1.5 mm 3 , and the antenna is excited by a 50 Ω microstrip line from the bottom. The proposed antenna is fabricated on the commercially available low-cost FR4 substrate having relative permittivity ε r = 4.3 and loss tangent 0.025. By introduction of a rectangular slot with a T-shape in the ground plane and a rectangular patch, the lower frequency band is achieved. The peak gain and radiation efficiency of the proposed antenna are 2 dB and 78%. The proposed antenna operates at 2.846 GHz to 3.24 GHz and 4.05 GHz to 6.22 GHz frequency range. The antenna finds its application in S-band, 5.5/5.8 GHz WiMAX bands, and 4.9/5/5.9 GHz Wi-Fi bands.
INTRODUCTION
In this fast-paced world of wireless communication, miniature microstrip patch antennas find several applications due to their various advantages over conventional antennas. Its major advantages include compact size, light weight, radiation efficiency, low cost, ease of fabrication, and omnidirectional radiation pattern. In [1] , a horizontal gap enhances bandwidth both at lower and higher frequencies. Antennas with planar shapes such as circle [2] , ellipse [3] , and triangle [4] were reported for wide bandwidth. For achieving dual broadband characteristic, a parasitic patch and slot are added in the ground plane [5] . Due to parasitic patch and slot better impedance matching occurs at the second operating band without affecting the performance of the first operating band. Bandwidth has been enhanced by 26% due to the introduction of a curved slot in the rectangular patch [6] . By adding a parasitic patch and rotating the slot, bandwidth has been enhanced drastically [7] [8] [9] . In [10] , due to truncation of the corners and cutting symmetric circular slots in the radiating patch, bandwidth is enhanced in the higher frequency range. In [11] , ultra-wideband (UWB) characteristics of a slot antenna have been observed by the introduction of a pair of parasitic patches. The combination of a U-shaped slot and rectangular parasitic patches is incorporated for the generation of higher-order resonance [12] . Making a parasitic patch and cutting a curved slot in the patch result in large impedance bandwidth, respectively [13, 14] . By achieving UWB characteristics, fractal geometry and rose leaf structure have been proposed [15, 16] . Bandwidth enhancement is reported due to adding a small fractal element in a microstrip antenna [17] .
Lower frequency resonance is enhanced, and a better bandwidth is reported with a smaller size of the antenna than a rectangular slotted patch by the patch extensions introduced in the antenna design [18, 19] . UWB characteristics have been reported by introduction of a simple rectangular slot in the ground plane [20] . Recently a broadband characteristic has been reported due to compact planar antenna with stair-shaped ground plane [21] . By introduction of a U-shaped slit in the partial ground plane and rectangular parasitic patches adjacent to the microstrip line, UWB applications have been reported due to excitation of higher order resonance [22] . By variation of an E-shaped patch in a microstrip antenna, broadside radiation pattern has been suggested [23] . Stable omnidirectional radiation pattern over the entire UWB frequency has been reported by using rubber as a substrate [24] . A comparison between recently published monopole antennas is shown in Table 2 .
In this paper, a miniaturized dual-band antenna with a rectangular patch and symmetrically placed circles in the partial ground plane is proposed. The lower frequency band is achieved due to introduction of a rectangular slot and T-shape in the ground plane. The proposed antenna operates at 2.846 GHz to 3.24 GHz and 4.05 GHz to 6.22 GHz frequency range (Magnitude of S 11 < −10 dB). Various results of the proposed antenna will be discussed in the later sections.
ANTENNA DESIGN
The geometrical configuration of the proposed antenna is shown in Figure 1 . The proposed antenna has a dimension of 15 * 20 * 1.5 mm 3 . The proposed antenna is fabricated on a commercially available low-cost FR4 substrate with relative permittivity ε r = 4.3 and loss tangent 0.025. The antenna is fed by a 3 mm wide and 50 Ω microstrip line. The values of various parameters of the proposed antenna are shown in Table 1 . The top portion of the proposed antenna consists of a rectangular patch of dimension (e * a) and an extended microstrip line of total length of 'b', and 'n' is a height of the substrate. One side of the proposed antenna consists of a rectangular slot and two symmetrically placed circles with a T-shape attached to the partial ground plane, and the other side of the antenna consists of a rectangular patch with an extended microstrip line. CST microwave studio simulation software, a finite integration technique-based commercial electromagnetic simulator, is used to carry out computer simulation of the proposed antenna. Bandwidth enhancement is achieved due to the introduction of the rectangular slot, In the next stage (Stage-02), the microstrip line is extended in the patch so as to make its length 'b'. A rectangular slot and two circles of radius 'm' are symmetrically placed on the ground plane. The final stage of the proposed antenna (Stage-03) is obtained by the same patch and attaching a T-shape to the partial ground, and all the stages are simulated using CST microwave Studio.
PARAMETER STUDY
In this section, various parameters of the proposed miniaturized dual-band antenna are discussed. Figure 2 shows the simulated return loss (magnitude of S 11 (dB)) comparison of all three stages of the proposed antenna. Stage-01 is a simple antenna. The resonance is excited by a rectangular patch, and the finite ground plane shows an impedance bandwidth of 51% (5.3-8.9 GHz). By adding two parasitic circles with rectangular slot in the partial ground and extended microstrip line in the patch, the resonance is shifted to lower order band and shows a impedance bandwidth of 35% (4.8-6.8 GHz). Introduction of a T-shape in the partial ground plane results in dual bands as shown in Stage-03 (which is the final proposed antenna), and its impedance bandwidth is 13% (2.8-3.2 GHz) for the first band and 43% (4-6.2 GHz) for the second band. Figure 3 shows the variation of simulated return loss (magnitude of S 11 (dB)) for different values of 'e' (height of rectangular patch in the front view). Size of the rectangular patch drastically affects the performance of the proposed antenna. As the value of 'e' is gradually increased, the bandwidth of the antenna increases, and it attains maximum bandwidth for the optimum value of 'e = 4 mm'. For any other values of 'e', the bandwidth starts decaying. Table 1 ). Table 1 ). Figure 4 shows the comparison of simulated return losses (magnitude of S 11 (dB)) of the proposed antenna with different parameter values of 'm' where 'm' is the radius of the adjacent circle in the partial ground plane and demonstrates the variation of simulated return loss against operated frequency by varying the radius of 'm' in the bottom plane. As can be depicted from the return loss graph of Figure 4 , for the optimum value of 'm = 3 mm', the frequency band shifts to lower frequency ranges, and the bandwidth tends to be maximum. Figure 5 shows the simulated return loss comparison curves for different values of 'k' which is the height of the lower vertical strip in the ground plane. It is observed from the parameter study that as the value of 'k' changes, the resonance frequency changes; as the value of 'k' reaches 10 mm, the vertical strip of the bottom plane starts resonating in the lower frequency band and reaches up to 2.8 GHz, and (2.8-3.2 GHz) frequency band is obtained. Figure 6 shows the variation of simulated return loss of different values of 'c' which is the height of the extended microstrip line. It is observed from the parameter study of 'c' that initially at the value of 'c = 6' the frequency is resonant in the lower order band only. Further, the length of the microstrip line (c) is increased; the antenna starts resonating at lower frequencies, and optimum bandwidth is achieved at the value of 'c = 10 mm'. In the next section, simulated and measured results of the proposed dual-band antenna will be discussed and elaborated. Table 1 ). Table 1 ).
SIMULATED AND MEASURED RESULTS
The fabrication of the proposed dual-band antenna has been done using (Phenix) Chemical etching method in the laboratory. Agilent Vector Network Analyzer (VNA), a 50 Ω SMA connector connected to the microstrip line and an anechoic chamber have been used for testing the proposed antenna. Figure 7 shows the simulated and measured return loss curves (magnitude of S 11 (dB)). It is observed from the return loss curves that the measured result is in good agreement with the simulated one, and it validates the simulated result. The measured result shows that the dual-band and its impedance bandwidth are 13% (2.8-3.2 GHz) and 43% (4-6.2 GHz). Figure 8 shows the simulated and measured input impedance curves of the proposed antenna. The real part of the input impedance curve illustrates that the input impedance is maintained at 50 Ω throughout the operating frequency range. The imaginary part of the input impedance shows that the behaviour of the proposed antenna is inductive for most of the operating frequency range whereas for some frequencies it is capacitive, and it is observed from the curve that the measured results are in good agreement with the simulated ones. Figure 9 shows the simulated and measured gain/radiation efficiency curves with respect to the frequency of the proposed dual-band antenna. It is observed from the curves that the simulated and measured results are in good arrangement, and maximum value of the gain of the proposed antenna is 2 dB, and that of radiation efficiency is 78%. It is observed from the curves that both the gain and radiation efficiency attain their peak values in the operating frequency region of the proposed antenna. frequencies. The radiation pattern shows the direction in which an antenna radiates at a particular frequency. The H plane is shown on x-z plane (phi = 0 • ) and the E plane shown on y-z plane (phi = 90 • ). The stable omnidirectional and bi-directional co-polarization is observed with a good agreement with cross-polarization at the lower order frequency modes as shown in Figure 10 (a) at (I) 3 GHz E-plane, (II) 3 GHz H-plane, (III) 4.22 GHz E-plane, and (IV) 4.22 GHz H-plane. The quasistable bi-directional and stable omnidirectional co-polarization is observed with an appropriate crosspolarization at higher order frequency modes as shown in Figure 10 Figure 11 (a) as well as T-shape (back view) with rectangular patch (front view) is easily visible in Figure 11(b) .
The current concentration is higher at the upper edge of the adjacent circle (partial ground plane) with microstrip line easily visible in Figure 11 (a) at (3 and 4.22 GHz) frequencies, and the peak value of the surface current is 243 and 204 A/m.
The current concentration at the rectangular patch with microstrip line as well as partial ground plane is easily visible in Figure 11 
CONCLUSION
A miniaturized dual-band antenna with a rectangular patch and symmetrically placed circles in the partial ground plane is proposed in this paper. The proposed dual-band antenna has an overall size of 15 * 20 * 1.5 mm 3 , and the proposed structure is fabricated and measured. Introduction of a rectangular slot with a T-shape in the ground plane has enhanced the bandwidth in the lower frequency band. The proposed antenna resonates in 2.846 to 3.24 GHz and 4.05 to 6.22 GHz frequency ranges and thus exhibits dual band characteristics with fractional bandwidth of 13% (2.8-3.2 GHz) and 43% (4-6.2 GHz). The real part is normalized to 50 Ω at the operating frequency band, and the behaviour of the antenna is inductive for the most of the operating frequency range whereas for some frequencies it has capacitive behaviour. The radiation efficiency and gain are in good agreement. The peak gain and radiation efficiency of the proposed structure are 2 dB and 78%, respectively. The stable radiation patterns with co-polarization and cross-polarization are observed (H-plane having an omnidirectional radiation pattern and E-plane having a bi-directional radiation pattern) over the entire dual-operating band which satisfy monopole characteristics of the proposed antenna. The surface current distribution shows good signal strength over the selected frequencies. Owing to all these properties, the proposed dual-band antenna is suitable for S-band, 5.5/5.8 GHz WiMAX bands and 4.9/5/5.9 GHz Wi-Fi bands.
